Linked plasmonic nanoparticles made of noble metal materials exhibit significant enhancement of the amplitude of electromagnetic-field and strongly frequency-selective response at visible ranges which are distinct from that of individual nanoparicles. We introduce recent progress in the fabrication processes to achieve linked plasmonic nanostructures with various configurations. It includes the synthesis of ultrathin gold nanosheets composed of steadily linked nanoparticles using magnetron sputtering and lift-off processes, shaped gold nanopartocles films linked by surfactant, self-assembled silver nanoparticle films at water-organic interface assisted by phase transfer catalysts, large scale silver nanoplate films using self-assembly method, and silver nano-flags fabricated by chemical two-step synthesis methods. The morphologies and optical characteristics of these nanostructures are shown, respectively. These plasmonic nanostructures with special optical responses show a great potential in the applications of optical communications, photovoltaics and biochemical sensing.
Introduction
Plasmonic nanostructures constructed by adjacent metal nanoparticles have attracted great interest due to their significant electromagnetic-field enhancement and specific optical spectral responses from visible to near IR ranges. The control of the distance among the elemental nanoparticles is crucial for the improvement of the plasmon resonance property and engineering of the optical spectral signature of the plasmonic nanostructures. 1, 2) Novel fabrication routes to create linked or closely adjacent nanostructures are highly desirable in practice applications. Metallic nanoparticles with different shapes and sizes show frequency-dependent light localization and scattering enhancement at visible ranges arising from the collective oscillation of conduction electrons on the surface of metal induced by the incident light. 1) Localized surface plasmon resonance (LSPR) occurs when the frequency of the movement of the free electrons is approximately the same as the incident light. Various researches show that the localized light intensity and light scattering behavior at LSPR wavelength can be enhanced significantly when the metallic nanoparticles are closely approximate.
2) It is because the overlapped plasmon gap modes distribute mainly at the ultra-small gap regions of the adjacent nanoparticles. Many efforts have been paid for the development of the fabrication processes to achieve such linked plasmonic nanostructures. Chemical bonding is a typical method to control the anisotropic growth of nanochains 36) or nanoparticle aggregations 79) constructed by small metal nanoparticles. Temperature or chemical induced sintering 1014) are effective methods for the fabrication of steadily linked metal nanoparticles in large area. Laser induced self-assembly of metal aggregations 1519) shows potential application in the fabrication of nanoscaled plasmonic device. These methods provide fabrication routes to construct advanced plasmonic waveguides and thin-film devices with diversity of optical properties. In this paper, we introduce recent progress in the fabrication of highdensity and linked plasmonic nanostructures and nanodevices having extraordinary optical spectral characteristics. These nanostructures with novel morphologies and significant light localization property are useful in many application fields, such as biochemical sensing, optical processing and photovoltaics.
Ultrathin Gold Nanosheets Composed of Steadily Linked Nanoparticles
First, we introduce a simple method via applying magnetron sputtering, lift-off and ultrasonic techniques to synthesize two-dimensional single-layer gold nanosheets in organic solvent. 20, 21) These nanosheets are composed of random distributed gold nanoclusters with uniform size.
Our approach is based on the formation of gold nanosheets on the surface of photoresist film utilizing magnetron sputtering deposition. First, photoresist thin film is spin coated on the silicon substrate and cured. Second, gold atoms are deposited on the top of the photoresist film using magnetron sputtering in the condition of electrical current 0.4 A, vacuum 0.15 Pa, Ar flux 25 sccm, discharging 1 s. Third, the sputtered gold thin film is lifted off from the silicon substrates and then soaked in acetone for several minutes to dissolve the photoresist. Finally, the gold film breaks into ultra-thin gold nanosheets in the acetone after long-time ultrasonic irradiation at a frequency of 40 kHz.
In the fabrication process, the deposition mechanism of the sputtered metal film has been shown before. 22) In the initial step, gold atoms are deposited uniformly on the surface of the polymer film. Agglomeration of gold atoms occurs with the increase of the deposition time. The gold nanoclusters produced from the conventional routes readily aggregate and become solid film because of their high surface energy. In our case, we suspect that the existence of the polymer film plays an important role to decrease the aggregation velocity of the gold nanoclusters. However, the accurate mechanism of the formation of the special morphology of the ultrathin gold nanosheets is still unclear now. Figure 1 shows the typical morphology of gold nanosheets measured by transmission electron microscopy (TEM). From Figs. 1(a) and 1(b) we see that the nanosheets are composed of randomly distributed gold nanoparticles with uniform size steadily linked by ultra-thin gold film. The size of the gold nanoparticles is ³5 nm. They are connected by thinner gold amorphous films which can hardly be observed from the top view of the high-resolution TEM image ( Fig. 1(b) ). However, one can see clearly that these small nanoparticles are linked to each other from the lateral view of the TEM images of the folded nanosheets in Figure 3 shows the LSPR property of the gold nanosheets solution. 20) The difference between the gold nanosheets and the conventional chemical synthesized gold nanospheres (inset in Fig. 3 ) are obviously. The extinction spectrum of the gold nanosheets shows a much wider absorption band from 550 to 850 nm mainly induced by the aggregation of the small nanoparticles. Such ultrathin metal nanosheets with significant light localization have been demonstrated a useful tool in biochemical sensing.
21)

Shaped Gold Nanoparticles Films Linked by Surfactant
Next we introduce the fabrication of gold films containing nanoparticle aggregations linked by surfactant using solvent evaporation method. Gold nanoparticle solution was prepared by a two-step colloidal growth method. Cetyltri-methylammonium bromide (CTAB) was added as a surfactant in the synthesis routes. Details of the synthesis processes are shown. 23) After finishing the grown process of the gold nanoparticles, the solution was centrifuged at 14000 rpm for 10 min and then redispersed into the deionized water to reduce the superfluous CTAB concentration in the solution. Next, the gold nanoparticle solution was dropped onto the glass substrate and dried naturally in the ambient condition. In the drying process, CTAB acted as a surfactant to link gold nanoparticles due to its bilayer property. 24) After solution evaporation, thin film constructed by gold nanoparticle aggregations with different structures was obtained as shown in the scanning electron microscope (SEM) images in Fig. 4. Figures 4(b) to 4(d) show randomly distributed gold nanoparticle aggregations linked by CTAB. Randomly distributed dimers, trimers, long nano-chains and other multiple aggregations can be observed. Compared to individual gold nanoparticles, the LSPR peak of linked gold nanoparticles shifts to the longer wavelength. Figure 5 displays the extinction spectra of the gold nanoparticle solution and nanoparticle thin film, respectively. It is found that the LSPR peak shifts from 528 to 661 nm due to the plasmonic coupling effect of interaction between individual gold nanoparticles, as we discussed before. 18) 4. Self-assembly of Silver Nanoplate Film at Waterorganic Interface
In this section, we introduce a preparation method of selforganization of silver nanoplate film using a phase transfer catalyst from aqueous-organic interface. 25) Self assembly of nanoparticle film at the interface between oil and water is a newly developed nanofabrication method which attracts great attentions in recent years. 26, 27) Ethanol was usually served as inducers in previous researches. 26) Here we present the shape dependent self-assembly using a newly founded phase transfer catalyst, tetrabutyl ammonium bromide.
Detailed fabrication steps of the experiment have been reported. 25) Firstly, aqueous silver solution containing both nanoplates and nanospheres was prepared. Then, cyclopentanone and tetrabutyl ammonium bromide were added to the solutions in sequence. After a short time shaken, a bright layer of silver nanoplates film can be observed at the interface between cyclopentanone and water. The self-organization of nanoparticles is shape selectable. 25) Figure 6 shows the compared photographs of the silver solutions with different chemical components. When cyclopentanone and tetrabutyl ammonium bromide were added to the silver solutions, large silver nanoplates self-assembled mainly at the interface. Therefore, a bright layer with strong reflection at the interface of the solution can be observed from Figs. 6(a) and 6(d). Only small nanospheres dispersed in the water solutions. In the absence of silver nanoplates, the color of the silver solution changed to yellow induced by the LSPR of silver nanospheres. As shown in Figs. 6(b) and 6(e), no selfassembly behavior can be observed at the interface without tetrabutyl ammonium bromide. The color of the silver solution was violet corresponding to the LSPR of silver nanoplates, 28) just like the original silver solution without cyclopentanone shown in Figs. 6(c) and 6(f ). Figure 7 shows the SEM image of the self-assembly silver film transferred from interface of the solutions to the glass substrate. It can be observed that the silver nanoplates keep highly compacted in large areas. Using this phase transfer method, one can easily fabricate dynamic linked metal nanoparticles with high density.
Large Scale Silver Nanoplate Films Using Selfassembly Method
In this section, we introduce a simple self-assembly method for the fabrication of large-scale and ultra-thin silver Fabrication and Optical Spectral Characterization of Linked Plasmonic Nanostructures and Nanodevicesnanoplate films on solid substrates without surface modification. 28) Colloidal silver nanoplate solution were prepared and washed before use. Polyvinylpyrolidone (PVP) and ascorbic acid were then added into the silver solutions in sequence. PVP serves as a stabilizer to keep the anisotropic silver nanoplate stable. When ascorbic acid was added into the solution, silver nanoparticles can be trapped by the surface of the hydrophobic substrate easily. Glass substrates were then placed vertically into the solution. Single layer of silver nanoplates film were obtained after ³20 h, as shown in Fig. 8 . We have experimentally established that large scale and uniform layers of silver nanospheres and gold nanocubes, nanospheres and nanoplates are also easily achieved using this self-assembly method.
From Fig. 8(a) , one can see that the silver layer is uniform in large area. The SEM images in Figs. 8(b) and 8(c) show that the film is single layer and constructed mainly by silver nanoplates with uniform size. We observed that the density of the deposited nanoplates is highly dependent on the concentration of ascorbic acid and the deposition time. 28) From Fig. 8(c) one can see diversity of silver nanoplate multimers with different shapes. The distance between these nanoplates is ³ few nanometers. Figure 8(d) shows the comparison of the extinction spectra of the silver solution and the film. It shows clearly that the special morphologies of the silver film induce to a broad LSPR band and significant light scattering enhancement in the long wavelength range, especially in the near-infrared range. Our experiment results have proved that the light scattering property of the nanoplate layer is obviously enhanced with the increase of the distribution density of the nanosplates as shown in Fig. 8(e) . 28) Recently, Nishijima et al. also claimed that the random distributed metal nanostructures have much stronger scattering enhancement properties compared to periodic nanoparticle arrays. 29) Considering the easy fabrication and significant scattering enhancement of the randomly distributed silver nanoplate film, we believe such self-assembly method may become a very attractive industrial process for the fabrication of light trapping layer to improve the light harvest efficiency of solar cells. 30) 6. Two-step Synthesis of Plasmonic Nanodevices Plasmonic nanodevices supporting surface plasmon polariton modes beyond optical diffraction limit are building blocks in next generation integrated optoelectronic circuits.
3136) Integrated plasmonic functional devices are usually designed and fabricated using traditional lithography process.
3133) Chemical synthesis methods have been proved a better way for the fabrication of elemental optical waveguides using one-dimensional nanowires.
3436) However, to achieve nanodevices with different configurations, complicated micromanipulation and assembly method with high accuracy are usually needed as reported previously. 35, 36) Here we show that the concept of two-step synthesis of plasmonic nanodevices may become an alternative strategy for the fabrication of complicated nanostructures. Recently, Tsuji reported a two-step chemical synthesis process to fabricate silver nano-flags 37, 38) by changing the growth environment of the nanostructures. In the first step, they synthesized silver nanowire seeds using PVP as capping agent in heated ethylene glycol. In ethylene glycol, the reduced Ag atoms mainly grow along [100] facets to form one-dimensional nanowires. In the second step, the silver nanowire seeds were added in heated N, N-dimethylformamide. As the reducted Ag atoms grow along [111] facets in this solution environment, triangular nanoplates regrowed from the lateral facet of the nanowire seeds to form flag type nanostructures. The final configuration of the nanostructures can be tuned by the careful control of the concentration of the chemicals.
We exhibited that such silver nano-flags support competitive LSPR mode and Fabry-Perot (FP) cavity mode simultaneously by numerical simulation.
39) The unique resonant mechanism results in a remarkable frequencydependent electromagnetic enhancement. Figure 9(a) shows the comparison of the optical spectra for a silver nanoflag and a silver nanoplate with a same width. The length and the diameter of the nanowire integrated in the nano-flag are 2 µm and 30 nm, respectively. The width of the integrated triangle is 210 nm. The simulation images of the electric-field distribution of the nanostructures are shown in the insets of Fig. 9(a). Figures 9(b) to 9(d) show the electric-field distribution of the silver nanoplate at resonance wavelength (1085 nm) and off resonance (900 and 1500 nm), respectively. It is found that light mainly distributes at one corner of the nanoplate. Figures 9(e) to 9(g) show the electric-field distribution of the silver nanoflag at resonance wavelength (1094.3 nm) and off resonance (900 and 1500 nm), respectively. Different from the images in Figs. 9(b) to 9(d), the electric-field distribution of silver nanoflag depend heavily on the incident wavelength induced by the mode competition between the LSPR resonance mode and FP cavity mode. The simulation result indicated that such silver nano-flags are very attractive plasmonic nano-antennas 39) with ultra-high quality factor and tunable optical spectral signatures which are distinct from conventional chemical synthesized metal nanostructures. Such complicated nanostructures show potential applications in light trapping and scattering enhancement over broad-bandwidth wavelength range.
Conclusion
In this paper, we present several fabrication routes for the fabrication of linked plasmonic nanostructures with different sizes and shapes. These methods can be used to obtain large scale and high compacted metal nanoparticles with strong interactions. The gold nanosheets composed of steadily linked nanoparticles are newly developed plasmonic nanostructures with unique shape. Such advanced metal nanostructures with large specific surface area may be useful in the applications of frequency-selectable light trapping, optical processing and chemical catalysis. The other three fabrication methods introduced can be used to fabricate metal films with diverse of optical spectral signatures dependent on the shapes and the sizes of the elemental nanoparticles used. The two-step synthesis method provided new strategy for the fabrication of functional nanodevices directly using chemical method. These new technologies provide various fabrication processes useful in the development of plasmonic thin films devices and nanoscale plasmonic devices. 
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